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Abstract
Cross sections for photon production in hadronic scattering processes have been calculated according to an effective
chiral field theory. For pi + ρ → pi + γ and pi + pi → ρ + γ processes, these cross sections have been implemented
into a novel hadronic transport approach (SMASH), which is suitable for collisions at low and intermediate energies.
The implementation is verified by systematically comparing the thermal photon rate to theoretical expectations. The
photon rates we obtain are compared to previous works, where scattering processes mediated by ω mesons are found to
contribute significantly to the total photon production. Finally, the impact of considering the finite width of the ρ meson
is investigated, and a significant enhancement of photon production in the low-energy region is observed. This work
is the first step towards a consistent treatment of photon emission in hybrid hydrodynamics+transport approaches. The
quantification of the importance of the hadronic stage for the resolution of the direct photon flow puzzle is a next step
and can be applied to identify equilibrium and non-equilibrium effects in the hadronic afterburner.
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1. Introduction
Photons are direct and unique probes in heavy-ion collisions. They escape the fireball unaffected owing
to their purely electromagnetic coupling and are produced in all stages of the collision. Hence, they draw
a time-integrated picture of the entire evolution, carrying properties from the medium to the detector. It is
therefore essential to fully understand the production mechanisms and properties of photons in each stage of
the collision. This work focuses on the late stages, where the fireball is believed to have expanded and cooled
down sufficiently to find quarks and gluons confined again into hadrons. For this purpose, a non-equilibrium
approach for photon emission from hadronic interactions is presented.
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Mediated by (pi, ρ, a1) mesons Mediated by ω meson
pi± + pi∓ → ρ0 + γ (a) pi0 + ρ0 → pi0 + γ (f)
pi± + pi0 → ρ± + γ (b) pi± + ρ∓ → pi0 + γ (g)
pi± + ρ0 → pi± + γ (c) pi0 + ρ± → pi± + γ (h)
pi0 + ρ± → pi± + γ (d)
pi± + ρ∓ → pi0 + γ (e)
Table 1. Photon production processes by mediating particles. Processes mediated by (pi, ρ, a1) mesons are displayed on the left, those
mediated by the ω meson on the right.
2. Model Description
The photon production framework introduced in the following is based on the SMASH (Simulating
Many Accelerated Strongly-interacting Hadrons) hadronic transport approach [1, 2]. It is designed for the
description of heavy-ion collisions at low and intermediate energies. Furthermore it was successfully applied
as an hadronic afterburner [3, 4] which allows for a non-equilibrium study of the late stages of relativistic
heavy-ion collisions. In SMASH, photon production in binary, hadronic scattering processes is implemented
based on an effective chiral field theory with mesonic degrees of freedom [5]. Among those are pseudoscalar
mesons, vector mesons, axial vector mesons and the photon. The corresponding Lagrangian reads
L = 1
8
F2pi Tr
(
DµUDµU†
)
+
1
8
F2pi Tr
(
M
(
U + U† − 2
))
− 1
2
Tr
(
FLµνF
Lµν + FRµν F
Rµν
)
+
m20 Tr
(
ALµA
Lµ + ARµA
Rµ
)
+ γ Tr
(
FLµνUF
RµνU†
)
− iξ Tr
(
DµUDνU†FLµν + DµU†DνUFRµν
)
−
2em2V
g˜
Bµ Tr
(
QV˜µ
)
− 1
4
(
∂µBν − ∂νBµ
)2
+
2e2m20
g20
BµBµTr
(
Q2
)
+ gVVφ εµναβ Tr
[
∂µVν∂αVβφ
]
(1)
and contains the couplings and interaction of the aforementioned particles. For further details about the
underlying theoretical framework the reader is referred to [6].
Based on the properties enclosed in Equation (1), it is possible to derive the Feynman rules, matrix elements
and cross sections for the photon producing scattering processes. We limit our explorations to processes of
the kind pi + pi → ρ + γ and pi + ρ → pi + γ as those provide the leading contributions. The specific
scattering processes considered are collected in Table 1. As in [6], they are grouped into processes mediated
by (pi, ρ, a1) mesons (left) and those mediated by the ω meson (right). It is evident, that processes (e) and (g)
as well as (d) and (h) differ only with respect to their mediating particles but have identical initial and final
states. Those processes are first treated separately, to allow for a straight-forward validation of the presented
framework. Once validated, these processes are incoherently added while accounting for their respective
form factors, as described in [5].
It should be noted that within the afore presented framework, the ρ meson is assumed to be a stable particle
with vanishing width. It is however known that in reality, Γρ = 0.149 GeV [7], such that a more realistic
description is necessary. An attempt is made to extend the presented framework to also describe broad ρ
mesons. The SMASH resonance treatment is employed and the ρ meson mass is sampled from a Breit-
Wigner distribution. The initial or final state ρ masses enter the computation of the photon cross sections
directly, higher-order corrections are however not introduced. The disagreement between the ρ meson mass
in the loops and the in-/outgoing ρ meson masses introduces a systematic error which is found to be smaller
than 11% in the configurations tested. Further details are explained in [5].
3. Results
The cross sections [8] as well as the photon framework are subject to a proof of concept in Figure 1.
The thermal photon rate as obtained from SMASH (lines) is compared to the corresponding semi-analytical
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Fig. 1. Thermal photon rates extracted from SMASH (lines) as compared to semi-analytical theoretical expectations (band) at T = 150
MeV for processes (a)-(g). (pi, ρ, a1) mediated processes are displayed on the left, ω mediated processes on the right. Form factors are
not applied and the ρ meson is treated as a stable particle.
expectation values (bands) for each of the processes listed in Table 1. The photon rates are extracted in
an infinite matter simulation with SMASH at a temperature of 150 MeV. Error bands of the theoretical
expectation are due to uncertainties in the temperature extraction of the medium. Within errors, a perfect
agreement can be observed between the photon rates resulting from SMASH and those from the semi-
analytical benchmark; hence verifying the presented framework.
To assess the significance of introducing additional degrees of freedom, a comparison with previous works
[9], as similarly done in [10], is performed. In contrast to the above presented framework, the degrees of
freedom therein are limited to pi, ρ, η mesons and the photon, thus lacking processes mediated by ω and
a1 mesons. In Figure 2 a comparison of the photon rates obtained from SMASH (including form factor
corrections and having combined processes (e) and (g) as well as (d) and (h)) to parametrizations of the
photon rates from [9, 11] is shown. It can be observed that the photon rates determined within [9] yield
smaller contributions than SMASH for E . 0.4 GeV and vice versa. Especially for high photon energies,
this discrepancy becomes more pronounced. It can be deduced that for a realistic description of mesonic
photon production, ω and a1 mediated processes should not be neglected. Similar observations have already
been made in [12].
As mentioned above, the presented framework is capable of describing stable ρ mesons only but can, under
certain assumptions, be extended to finite-width ρ mesons. The effect on the thermal photon rate of treating
the ρ meson as a resonance is shown in Figure 3, where the dashed lines correspond to Γρ = 0 GeV and
the solid lines to Γρ = 0.149 GeV. Only a minor effect is found for pi + pi → ρ + γ processes, whereas there
is a significant increase of photon production for pi + ρ → pi + γ processes especially in the low- and mid-
energy regime. The latter can be explained by the reduced kinematic threshold for the occurrence of such a
scattering process since ρ mesons below the pole mass are also accessible once the finite width is taken into
consideration. Whether or not this effect is visible in final particle spectra of simulated heavy-ion collisions
is however yet to be assessed as it highly depends on the energy of the produced photons.
4. Conclusion and Outlook
Cross sections for the production of photons in hadronic scattering processes have been derived from an
effective chiral field theory with mesonic degrees of freedom and implemented into the SMASH transport
model. A proof of concept has been successfully performed by means of a systematic comparison to semi-
analytically calculated theoretical expectation values for the thermal photon rate. Comparisons to previous
works describing photon production in hadronic matter have demonstrated the importance of including ω
and a1 mediated production processes. An extension of the presented framework to finite-width ρ mesons
has further shown a significant increase of photon production in pi + ρ → pi + γ scattering processes in the
low- and intermediate-energy range.
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Fig. 2. Comparison of total parametrized photon rates from
[9, 11] (blue, solid) to total photon rates from SMASH (orange,
dashed) at T = 150 MeV. Form factors are included in SMASH,
the parametrizations are correspondingly corrected.
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Fig. 3. Comparison of thermal photon rates for Γρ = 0 GeV
(dashed) and Γρ = 0.149 GeV (solid) for pi + pi→ ρ + γ (orange)
and pi+ρ→ pi+γ (blue) processes at T = 150 MeV. Form factors
are included.
This work is a first step to consistently treat photon emission in hybrid hydrodynamics+transport ap-
proaches. The 3+1D viscous hydrodynamics code MUSIC [13, 14] and SMASH [1, 2] are particularly
well suited for such an approach as both rely on the same underlying field theory for photon production in
the hadronic phase. Not only can it be applied to describe a heavy-ion collision at RHIC/LHC energies, but
also to benchmark the importance of a non-equilibrium treatment in the late stages of relativistic heavy-ion
collisions as compared to a pure hydrodynamic evolution. To this end, the incorporation of bremsstrahlung
contributions is essential and constitutes a next step. Such a hybrid model provides a great opportunity to
identify and study non-equilibrium effects in the afterburner and to assess the importance of the late stages
to contribute to the resolution of the direct photon flow puzzle [15].
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